Abstract -Young women with galactosemia experience ovarian failure at a very early age raising concern about the ovarian toxicity of galactose. While galactose may be present in the diet as a monosaccharide, it is predominantly derived from cleavage of the disaccharide lactose within the intestine. Our previous studies in animals have shown that high galactose diets inhibit ovarian follicular development and long-term exposure to high lactose diets retards growth of rats. The objective of the present study was to determine whether galactose exposure in the form of dietary lactose mimics the effects found previously with diets rich in galactose. Sixty female Long-Evans rats (25-day-old) were randomly assigned to two groups and fed a control diet (41.9% glucose in AIN93G [American Institute of Nutrition], CON) before lactose treatment. Unilateral ovariectomy (uOVX) was performed on half of the rats in each group to determine baseline ovarian follicle numbers. The study diet was a high lactose diet (HLD) containing 41.9% lactose in AIN93G. Study diet exposure started 1 month after uOVX (3 months old) and continued for 7 months in the treatment group. The control group remained on the 41.9% glucose diet throughout. Vaginal cytology, ovarian morphometric analyses, and serum concentrations of estradiol and progesterone were examined. Long-term exposure to the HLD decreased the body weights of animals and progesterone concentrations in the serum but produced no harmful effects on ovarian morphology or function. Beginning at 5 months of age (two months of lactose treatment) increasing numbers of females began to cycle irregularly but there was no difference between the glucose and lactose diet groups. These negative findings imply that administration of galactose in the form of lactose seems to be much less toxic than when galactose is fed to animals. From a human health perspective, these results are somewhat reassuring, since in general, women eat lactose-containing foods rather than foods that contain large amounts of free galactose.
INTRODUCTION
Women in Western countries are urged to consume dairy products to enhance their calcium intake, with the anticipated benefit of reduction in risk of osteoporosis [1] . Since the disaccharide lactose, consisting of one glucose molecule and one galactose molecule is the primary carbohydrate in milk, those who consume large quantities of dairy products in an effort to increase calcium intake for osteoporosis prevention ingest large quantities of lactose. The toxic effect of galactose or its metabolites within the ovary became apparent from the observations of extremely early ovarian failure (before age 30 years) in women with galactosemia (genetic absence of the enzyme galactose-1-phosphate uridyl transferase) [2] . Animal studies have suggested that diets rich in galactose produce insults that are at least somewhat comparable to those seen in galactosemics [2] [3] [4] . Furthermore, the importance of galactose metabolism for healthy ovarian function is also suggested by the relative abundance of galactose-metabolizing enzymes in ovarian tissue [5] . Subsequently two specific health concerns for all women have been raised: (1) a concern that dietary galactose might increase the risk of ovarian cancer, and (2) the prospect that dietary galactose might accelerate the age of onset of ovarian failure in women in the general population. In both cases, population-based and experimental studies have begun to clarify the extent of any relationship between dietary intake of galactose in the form of lactose and ovarian disease.
Subsequent to an earlier report suggesting a possible link between ovarian cancer and lactose consumption [6] , a number of studies designed to specifically test the relationship between lactose from milk products and ovarian cancer have been published [7] [8] [9] [10] [11] [12] [13] [14] [15] . Among these, several studies [9] [10] [11] [12] have generally not confirmed original suspicions that galactose consumption and/or slow metabolism (i.e. slow galactose transferase activity) are risk factors for ovarian cancer. Moreover, a large populationbased case-control study conducted in Los Angeles County, designed to test the hypothesis that galactose consumption, galactose transferase activity, and/or galactose transferase genotype were associated with ovarian cancer risk, failed to find any association [13] [14] [15] .
Epidemiological data have suggested that an earlier age of menopause can be associated with galactose intake, but perhaps only in those women who have partial deficiencies of the transferase enzyme (approximately 10% of the population) [17, 18] . In our previous study of perimenopausal women, increased levels of follicle-stimulating hormone (FSH, a marker of ovarian senescence) were associated with galactose consumption irrespective of transferase activity [8] . The implication is that women ingesting large amounts of galactose may unknowingly foreshorten the functional lifespan of their ovaries. Animal studies showing toxic effects of dietary galactose have used diets rich in galactose [2] [3] [4] which differs from the human situation where galactose exposure results from dietary lactose. Thus, discrepancies in the literature regarding galactose and ovarian failure may be attributable to the different forms of the dietary sugar (monosaccharide versus disaccharide) used in animal experiments. Therefore the objective of this study was to address the effects of a high lactose diet on ovarian function in an animal model. Specifically female rats were exposed to diets rich in lactose or glucose.
MATERIALS AND METHODS

Animals and diets
Intact, immature Long-Evans female rats (25-days-old) were purchased from Harlan Sprague Dawley and maintained in airconditioned quarters with food and water available ad libitum. The lighting schedule was 12 L:12 D with lights on 05:00 h through 17:00 h. The animals were pairhoused in the Cedars-Sinai Vivarium, which is accredited by the International Association for Laboratory Animal Care. All of control and treatment diets were prepared by Harlan Teklad, Madison, WI. All elements of the diet remained constant throughout groups, with the exceptions glucose and lactose content. All animal procedures were conducted in accordance with the Institutional Animal Care & Use Committee (IACUC) approved protocol.
Experimental designs
To achieve relevant levels of galactose, and to present it in the form of human dietary exposure (lactose), a semisynthetic diet that mimics the AIN (American Institute of Nutrition; now known as the America Society for Nutritional Sciences) 93G diet was used. Sugar intake was modified from the standard 238.6 g·1800 cal -1 of sucrose. Given that the energy content of glucose and galactose are identical, glucose was used as the control. In the control diet, rats were given 41.9 g glucose·100 g -1 of diet (CON) and no added lactose. In the treatment group, rats were given 41.9 g lactose·100 g -1 of diet (HLD) and no added glucose. Sixty intact, immature rats (25-days-old) were fed CON diet upon arrival before lactose treatment. Rats were randomized into two groups based on their body weight. One month later, unilateral ovariectomy (uOVX) was performed on half of the animals in each treatment group. Exposure to the lactose diet was commenced one month after unilateral ovariectomy. Necropsy was performed seven months after the start of treatments. Animals were monitored daily for signs of adverse effects of the diet. Weekly body weights were recorded and at the conclusion of the study animals were euthanized by carbon dioxide inhalation, and blood was withdrawn from the heart. Uteri and ovaries were collected for analysis.
Vaginal cytology
Vaginal cytology was assessed five days per week at baseline and throughout the experiment as a measure of ovarian function and to determine reproductive senescence. The vaginal smears were stained with 1% toluidine blue and read according to established procedures [16] . Females that exhibited at least 3 consecutive 4 or 5 day cycles were considered to be regularly cyclic, whereas those that displayed prolonged cycles (6-12 days in duration) were classified as irregularly cyclic. Rats that had shown persistent vaginal cornification for at least 15 consecutive days were classified as being in persistent estrus (PE).
Hormone measurement
Serum concentrations of estradiol and progesterone were assayed using a Coat-ACount commercial kit from Diagnostic Products Corp. (Los Angeles, CA). The intraassay coefficients of variation determined in this laboratory for the estradiol and progesterone measurements were 9.2% and 11.3%, respectively. The inter-assay coefficients of variation were less than 10%. All analyses were performed within 3 months of sample collection.
Ovarian morphometric analysis
Ovaries were fixed in 4% paraformaldehyde solution, and subsequently transferred to 70% ethanol after 24 h. The tissue was prepared for light microscopic analysis using routine techniques. Ovaries were serially sectioned through the thickest part of the parenchyma at 10 µm, mounted 10 sections on one slide, and stained with hematoxylin and eosin.
Criterion for follicle identification are: [17] . The total number of follicles in each group was counted microscopically at × 200 by a blinded observer for each ovary; these means were pooled to obtain group means.
Statistical methods
Statistical analysis of the estrous cycle patterns was performed using the χ 2 test. Comparisons of body weight, follicle number and hormone levels were revealed by Two Way ANOVA analysis followed by Tukey Test for multiple comparisons when appropriate. A level of P < 0.05 was considered statistically significant. The follicle decrease between baseline and the end of the experiment was analyzed by paired t-test. Statistical calculations were performed using Sigmastat for Windows, version 2.03 (Jandel Scientific Corporation Sigma Stat 2.03). Data are presented as the mean ± SEM.
RESULTS
Effects of dietary lactose on vaginal cytology at different ages
Before 5 months of age, all rats had regular estrous cycles. Afterwards, the incidence of irregular cyclicity appeared and increased. More animals in the HLD group had regular estrous cycles compared to the control group. However, no significant differences among the treatment groups could be demonstrated (data not shown). Also, there were no effects of uOVX on the estrous cycle of rats in this experiment (data not shown).
Effects of dietary lactose on the body weight, weights of ovary and uterus
In intact females the body weight from the lactose treated group was significantly lower than that of the control group. Fresh ovarian weight was greater in the HLD group, but no significant difference was found between treatment groups. The ovarian weights from uOVX control and HLD rats were greater than those of the intact rats (Tab. I). There was no difference in uterus weight among any of the groups. Histopathological assessment of the ovaries and uterus failed to reveal any hyperplastic or neoplastic lesions in any of the rats.
Effects of dietary lactose on serum concentrations of progesterone and estradiol
The difference in the mean progesterone concentrations among the different diets was greater than would be expected by chance after allowing for effects of differences in OVX. The progesterone levels were significantly decreased (P < 0.01) after lactose treatment whether the rats were intact or OVX. However, there were no significant differences in serum concentrations of estradiol between treatment groups (Tab. II).
Effects of dietary lactose on ovarian histological features
The ovaries collected from rats at the time of unilateral ovariectomy at 2 months of age were analyzed. Ovarian follicles were counted to establish a baseline against which to assess the effects of a HLD on follicle reserve. Baseline follicle counts were equivalent in the two groups before lactose treatment (Tab. III, Part I).
Following seven months of treatment, intact animals had more primordial follicles (within a single ovary) than uOVX rats had in the remaining ovary (P < 0.01) (Tab. III, Parts II and III). There were no significant differences in the number of primordial, growing, and antral follicles among treatment groups within the respective category. Follicle numbers of growing follicles and antral follicles in all rats decreased significantly at the end of this study compared to those of baseline (P < 0.05). However, there were no differences between different diets.
DISCUSSION
Previously, we reported the metabolic effects of dietary lactose in adult female rats [18] , the objective of the present study was to determine the ovarian effects associated with prolonged exposure to galactose when it is provided as a high lactose diet (HLD) which is more representative of human exposure than experimental diets used in prior studies that contained galactose per se. Results of our study show that female rats fed a HLD for seven months had decreased body weights and serum progesterone concentrations, however, these animals did not develop ovarian dysfunction. Furthermore, cataracts are a known adverse effect of high galactose exposure [21, 22] , but no cataracts were observed in the present study (data not shown). Together, these findings imply that administration of galactose in the form of a HLD is less toxic than when galactose per se is fed to animals.
Whether these results can be extrapolated to women will require further study. The ovary has relatively abundant levels of three of the major enzymes involved in metabolism of galactose (galactokinase, galactose-1-phosphate uridyltransferase (GALT) and UDP-galactose-4-epimerase) [6] . This fact is thought to be causally related to the observation that women who have absent or low GALT activity have a propensity to develop premature ovarian failure and premature menopause [2, 17] . However, since human diets contain foods high in lactose versus free galactose, our data are suggestive that women would not have the adverse effects observed in rodents that consume a high galactose diet. We used traditional vaginal cytology to assess the effects of lactose on the onset of reproductive senescence. Female rats usually display regular vaginal cycles beginning at around 45 days of age; however, aging female rats exhibit a progressive decrease in their abilities to maintain regular estrous cycles [19] and fertile gestations. Previous studies demonstrate that beginning at middle age, many female rats display prolonged, irregular cycles instead of regular cyclicity [20, 21] . The present study demonstrated that the incidence of both regular estrous cycles and follicle numbers decreased markedly between 5 and 10 months of age in the Long-Evans rat exposed to either a glucoserich control diet or a lactose-rich study diet. There was no difference among the treatment groups although the HLD group appeared to have a lower incidence of irregular estrous cycles. The progression of spontaneous ovarian failure in these rats with diminished ovarian reserve due to the initial unilateral ovariectomy has not been previously characterized, although the time course of spontaneous follicular depletion and cessation of cyclicity in intact rats of this strain are well studied. In a previous study [22] , only 51% of the virgin LongEvans rats, fed regular chow, maintained regular estrous cycles, and 42% of them had fertile gestations after mating at 8 months of age. By 10 months of age, the incidence of regular cyclicity dropped to 38%. Results from the present study are therefore consistent with prior studies in Long-Evans rats. Therefore, we propose that the decline in regular frequency of estrous cycles in the present study is the naturally-occurring phenomenon associated with aging in LongEvans rats. Findings from our previous study in Japanese quail [23] and from three rodent studies reported by other groups [2] [3] [4] demonstrate that galactose exerts toxic effects on the ovary. Moreover, female rat fetuses exposed to high levels of galactose (50% in maternal diet) during gestation had a significantly decreased number of oocytes [2] . Swartz and Mattison observed a number of effects on the ovaries of adult female mice fed a 40% galactose diet for two weeks [3] . These changes included inhibition of oocyte maturation shown by a decreased number of corpora lutea, a decreased response to superovulatory stimuli, an increase in interstitial tissue and lipofuscin staining and finally a failure to respond to exogenous gonadotropins. Similar effects were also reported in prepubertal rats [4] . In our shortterm study, we found that Long-Evans rats fed 20% galactose for 19 days developed cataracts and had a significant decrease in the number of growing antral follicles (unpublished data). However in this study, treatment with a HLD equivalent to 20% galactose for seven months did not induce follicle depletion compared to the control group, which supports the premise that the toxicity of lactose is much less than galactose [24] . When galactose is absorbed along with glucose, the serum galactose concentrations are considerably lower than when the same amount of galactose is consumed without glucose and that glucose increases GALT activity in the liver [25] . Galactose and glucose share an intestinal transport carrier and this transport carrier has a greater affinity for glucose than galactose [26] which may explain why galactose absorption is inhibited by glucose but glucose absorption is unaffected by galactose [27] . In addition to the decrease in intestinal absorption of galactose by glucose, it is thought that the insulin response to glucose increases the rate of clearance and metabolism of galactose [24] . Since digestion of lactose results in the simultaneous production of glucose and galactose, these mechanistic findings suggest that consumption of lactose would produce less toxicity than diets containing only galactose. Our results reported herein in the rat model are consistent with that viewpoint, in that a high lactose diet did not induce ovarian failure as was observed with high galactose diets [3] [4] [5] .
In summary, our results show that longterm exposure to a high lactose diet decreased the body weights of animals, but produced no harmful effects on ovarian morphology or function. Beginning at 5 months of age (two months of lactose treatment) increasing numbers of females began to cycle irregularly but there was no difference between the glucose and lactose diet groups. These negative findings imply that administration of galactose in the form of lactose seems to be much less toxic than when galactose per se is fed to animals. From a human health perspective, these reassuring results suggest that ovarian function should not be impaired in women, since their primary source of galactose would come from the metabolism of lactose in foods, such as dairy products.
